WVe have recorded heart sounds simultaneously with hemodynamic and cineradiographic studies in a series of patients with aortic valvular stenosis in order to relate the early systolic sound to pressure changes and to movements of the aortic valve. The purpose of this paper is to present further evidence for the valvular origin of the early systolic click in aortic stenosis.
Patients with valvular aortic stenosis can be classified by cineradiography on the basis of the mobility of the valve.13 14 There appears to be a continuous gradation from the thin and freely mobile valve to that which is thickened, rigid, and often calcified. The study of a series of cases suggests that these are progressive stages in the natural history of the disease. Commissural fusion represents the primary pathologic process, which may be either rheumatic or congenital. Fusion of the leaflets results in a mobile perforated dome that obstructs left ventricular ejection. With the passage of time and probably as a consequence of the hemodynamic disturbance.
the valve tissue progressively thickens and the dome becomes less mobile. Eventually. calcium is deposited, and a rigid diaphragm separates the left ventricle and aorta.
Characteristics of Systolic Clicks
The early systolic sound in aortic stenosis has a high-pitched clicking quality because it is composed of relatively high frequency vibrations usually of very brief duration (less than 10 msec.), although they may occasionally be prolonged to more than 20 msec. It is best demonstrated on high-frequency or logarithmic oscillographic records ( fig. 1 ) or by the spectral phonocardiogram.9 The click is well heard over the entire precordium, although usually of maximal intensity at the apex, and it is relatively unaffected by respiration. In contrast, pulmonary systolic clicks are usually of maximal intensity at the second and third left interspaces, are best heard in expiration, and may disappear on inspiration.", 10 On auscultation, the click gives the impression of splitting of the first heart sound, but when the second component is a systolic click, it is usually louder, sharper, and more widely separated from the first component. figure 3A . In this projection, the line of attachment of the left coronary cusp lies parallel to the x-ray beam, and hence only this cusp is seen in profile. When the valve opens, the left coronary leaflet ( fig. 3C ) moves at right angles to the x-ray beam, and hence it appears to move more than the other two. The line of attachment of the noncoronary cusp is perpendicular to the central beam, and thus its motion is parallel to the beam and cannot be appreciated at all in this projection, while the right coronary cusp ( fig.  3D ) moves on a line 600 away from the central beam, and can be seen to move, but its excursion in this projection is less than that of the left. Opening of the normal aortic valve is probably inaudible, and its closure produces the first component of the second heart sound.
In five patients with normal aortic valves the average time from onset to completion of valve opening was 30 msec. (two frames of the cine-film).
Results Group 1. Aortic Stenosis-Mobile Valves
The main findings in this group of 10 patients are summarized in tables 1 and 2. These patients all had mobile dome-shaped valves without calcification, and history indicates that most, if not all, had congenital aortic stenosis. A systolic jet was present in all, and six patients had hemodynamically important obstruction to left ventricular ejection as manifested by a peak systolic pressure gradient across the aortic valve of at least 70 mm. of mercury. On cineangiography these valves are seen to move upwards like a piston to form a dome-shaped structure. Ejection begins only after the dome has been formed ( fig. 4) .
Phonocardiography showed that all 10 patients had a loud early systolic click, a midsystolic murmur and an aortic second sound of at least normal intensity (table 2) The findings in this group of 11 patients are shown in tables 3 and 4. These patients had valves characterized by impaired mobility, thickening, and calcification of variable degree. The thickness of the aortic valve could often be appreciated when contrast material was present in both the aorta and the left ventricle, as the non-radiopaque interface betNA;reen them is due to the valve ( fig. 5 ). Some degree of aortic regurgitation was present in all patients in this group. A systolic jet was seen in eight of the 11 patients, and peak systolic gradients ranged from 75 to 130 mm. Hg.
Phonocardiograms showed the typical midsystolic murmur of aortic stenosis. Very small, early systolic clicks were seen in four patients, and in seven patients there was no systolic click. The aortic second sound wvas normal in only one patient who had moderate calcification and only moderate restriction of movement. In the 10 remaining patients, the aortic second sound was small in six patients, barely visible in two patients, and absent in two patients (table 4) . None of the six patients with rigid valves had a systolic click, and four of these six had very small or absent aortic second sounds.
The average time from the peak of the 1 wxave to the cross-over point of the left ventricular and aortic pressure pulses was 37 msec. (range 12 to 55 msec.). The time from the R wvave to the onset of aortic valve opening was 35 msec. (range 7 to 56 msec.) and to the completion of valve opening was 68 msec. (range 45 to 93 msec.). In the four patients with systolic clicks, the time from the R peak to completion of valve opening was 73 msec., and the R peak to systolic click interval was 70 msec. (range 54 to 85 msec). These findings are similar to those in patients with mobile valves. The onset of the aortic uipstroke coincided with the beginning of the valve opening and the systolic click, when present, followed 33 msec. later and preceded (range 65 to 125 msec.). Table 6 summarizes the data on the three groups of patients. Although the onset and completion of valve opening are both delayed in group-Ill patients, there is a commensurate delay in the systolic click which still corresponds with the completion of valve opening as in group-I and group-Il patients.
Discussion
The early systolic click has been recognized as a characteristic feature of congenital aortic = , < , stenosis by many authors, but there is dis-;> agreement about the mechanism of its production. The opening movement of the aortic valve, the impact of the systolic jet on the U wall of the aorta or sudden movement of blood in a dilated ascending aorta have each tv been suggested as the cause of the systolic click.7' 10, 11, 19, 20 Correlation of sound, pressure, and cineradiography, in patients with aortic stenosis (groups I and II), shows the following se-= quence of events. After the onset of left ven-X tricular systole the left ventricular pressure rises during the phase of isovolumetric contraction to reach the diastolic pressure in the Mobility of the aortic valve on cineradiography appeared to be of importance in determining whether a systolic click was present. A prominent early systolic click was present in all patients with a fully mobile valve (table 2) , whereas only four of the 11 patients with impaired valve mobility had recordable systolic clicks which were of low intensity (table 4). In six of the seven patients without a systolic click there was only a trace of valve movement or the valve was completely rigid. These valves were the most heavily calcified. Thus as valve mobility becomes impaired, usually in association with calcification, the systolic click becomes less intense, and it is not present wvhen the valve is completely rigid. This may explain previous observations which have shown an inverse relationship between valve calcification and the systolic click.11 12 There was no relationship between the presence and intensity of the early systolic click and the severity of the aortic stenosis as measured by pressure gradient.
A normal or accentuated aortic second sound was present in all the group-I patients with fully mobile aortic valves ( XXXI, June 1965 through the valve. In group-I patients with mobile valves, the gradient necessary to produce flow through the stenosed valve exceeds that needed to produce systolic doming of the valve, since ejection begins only after the dome has formed.
Maximal expansion of the aorta was timed in several patients and on average found to occur 33 msec. (2 motion-picture frames) after the systolic click and the completion of valve opening. Therefore, completion of rapid expansion of the aorta could not be responsible for the click.
Correlation of sound and aortic valve movements shows that a systolic click is only found if the valve is mobile and that the click occurs as valve opening is completed. Although the movement of the valve and the sound are associated, the mechanism producing the sound has not been determined. It is possible to explain the click as due to tensing of the dome as it snaps upwards in early systole. Since the systolic click occurs at the end of the opening movement of the valve, the sudden arrest of its upward excursion may be responsible for producing sound vibrations. Similarly, the aortic second sound is produced as the valve snaps back toward the ventricle at the end of systole. Dock21 has shown experimentally that it is possible to produce sounds in valve leaflets by making them tense. Stiff valves gave off louder sounds for a given degree of tension. Despite its mobility, the normal aortic valve does not produce an audible systolic click. In contrast the Teflon prosthetic valve is associated with a loud systolic click. However, these valves are stiffer and more resistant to opening than normal valves, despite the absence of stenosis, and this qualitative structural difference may be related to the production of this sound.
McKusick9 has suggested that transient sounds may be produced by the sudden interruption of the momentum of local flow. This has also been the view of Rushmer,22 of Shah et al.,23 and of Piemme and Dexter, 24 who suggested that the vibrations due to abrupt acceleration and deceleration of flow could produce transient sounds. The terminal vibra-tions of the first heart sound, which are inaudible, have been attributed to ejection of blood into the aorta,9' 19, 25 since they occur after the onset of the aortic pressure pulse. Han Systolic clicks of similar sound frequency are found in many other disorders, such as systemic hypertension, pulmonary arterial hypertension, and pulmonary valve stenosis. It is possible that these clicks are produced by a different mechanism to that proposed for aortic valvular stenosis.
In a patient with aortic valve stenosis, a systolic click implies that the valve is still mobile. If there is no systolic click then valve mobility is poor or absent. The presence of a systolic click is of no help in assessing the severity of the obstruction.
Summary
An early systolic click and a normal or accentuated aortic second sound have been found in cases of aortic valve stenosis characterized cineradiographically by a mobile, dome-shaped valve. Impaired valve mobility was usually associated with a systolic click of low intensity, and in the presence of an immobile aortic valve there was no systolic click. The aortic second sound was correspondingly diminished or absent.
Early systolic clicks and loud aortic closure sounds were also present in patients in whom a diseased aortic valve had been replaced by three Teflon prosthetic leaflets. In most of these patients there was no systolic click before insertion of the prosthesis.
In the patients studied, the systolic click occurred at the end of the opening movement of the aortic valve at the onset of left ventricular ejection. It followed the crossover point of t-he left ventricular and aortic pressure pulses by a time interval ranging from 15 to 45 msec. (average 33 msec.).
The opening movement of the valve was thought to produce the systolic click by causing sudden tension of the valve membrane or sudden alteration in the velocity of blood flow. By analogy with the opening snap in mitral stenosis, the early systolic click may be regarded as the "opening snap" of the aortic valve. A systolic click is clinical evidence of a mobile aortic valve in patients with aortic valve disease.
